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KINETICS AND CATALYSTS OF FORMALDEHYDE CONDENSATION 

0. V, Krylov, Yu. Ye, Sinyak, A. A. Berlinn and I ,  L. Shu l ' g ina  

ABSTRACT: This paper  desc r ibes  comparative tests on t h e  
k i n e t i c s  o f  formaldehyde condensation i n  t h e  presence of 
certain q u a n t i t i e s  o f  Ca(0H) 2 
p r e c i p i t a t e  formed by adding Ca(OH)2 t o  t h e  mixture ,  

tests i n d i c a t e  t h a t  t h e  condensation o f  formaldehyde t o  
sugars  i s  homogeneous. The e f f e c t  of  formaldehyde and sugars  
on t h e  s o l u b i l i t y  o f  Ca(OM)2 is exminad, 
that t h e  reaction o f  CH29 condensation proceeds through t h e  

in te rmedia te  formation of  t r i o s e  and as a t r i o s e  then forms 
a complex with t h e  Ca ion  leading  t o  f u r t h e r  condensation. 
The c a t a l y t i c  a c t i v i t y  o f  t h e  hydroxides o f  t he  rare e a r t h  
metals i n  t h e  s y n t h e s i s  of  carbohydrates  from formaldehyde, 
though lower than  t h a t  of  t h e  hydroxides o f  Ca, S r ,  Ba, Pb,  
T1,  i s  h ighe r  t han  a l l  o t h e r  compounds t e s t e d .  Comparison o f  
pH d a t a  i n d i c a t e s  t h a t  t h e  conversion o f  formaldehyde by t h e  
Cannizzaro r e a c t i o n  is  n e g l i g i b l e  i n  t h e  presence of  lan thanoid  
hydroxide and t h a t  t h e  s e l e c t i v i t y  of  t h e  process  o f  mono- 
sacchar ide  s y n t h e s i s  from CH 0 i s  s u b s t a n t i a l l y  h ighe r  than  2 
i n  the  presence of Ca(OH)*.  The i n v e s t i g a t i o n  v e r i f i e s  t h e  

hypothesis  t h a t  ion  r ad ius  p l ays  a dec id ing  r o l e  i n  t h e  mani- 
f e s t a t i o n  o f  c a t a l y t i c  a c t i v i t y  i n  t h e  condensation of formal- 
dehyde i n t o  t o  monosaccharide. 

and a f t e r  f i l t r a t i o n  o f  s o l i d  

These 

It is concluded 

INTRODUCTION 

[1-3] :  

E a r l i e r  we analyzed t h e  t r a n s i t i o n  o f  

CHzO 4 C, (€Id)),, 

formaldehyde i n  monosaccharides /643* - 

where n = 5 o r  6 .  

of ca ta lys t s - -hydroxides  of a lka l i  o r  metals. 

C are descr ibed  by t h e  a u t o c a t a l y s i s  equat ion:  

The r e a c t i o n  proceeds i n  aqueous s o l u t i o n s  i n  t h e  presence 

The r e a c t i o n  k i n e t i c s  a t  25- -60°  

"Numbers i n  t h e  margin i n d i c a t e  fo re ign  pag ina t ion .  
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where [ D r ]  are t h e  r e a c t i o n  products  (of  monosaccharide) ; t h e  a c t i v a t i o n  energy 

f o r  Ca(OHI2 i s  11.3 k i loca lor ie /mole ,  and f o r  Sr(OH), 1 2 . 2  k i loca lo r i e /molc  1.21 .  - 
Examination o f  t h e  r e a c t i o n  r a t e  as a func t ion  of  fomaldeh>.dc concent ra t  i o n  

r evea l s  t h a t  only up t o  0.5% CH 0 i n  s o l u t i o n  i s  t h e  r e a c t i o n  ra te  a l i n e a r  func- 

t i o n  of [CH20];  i n  t h e  i n t e r v a l  o f  2.5-10% CH 0, however, t h e  r e a c t i o n  r a t e  is  

not  a func t ion  of  [CH20] .  

sacchar ides  t o  t h e  i n i t i a l  r e a c t i o n  mixture have.shown t h a t  t h e  dependence o f  

t h e  r e a c t i o n  ra te  on t h e  co -ca t a lys t s  concent ra t ion  i s  a l s o  non l inea r  [3] .  
On the  b a s i s  of t h e s e  d a t a  w e  may w r i t e ,  i n s t e a d  of  (1) t h e  Langmuir type  

2 

2 
Tests  on t h e  a r t i f i c i a l  add i t ion  of  var ious  mono- 

equat ion:  
d -- [CHzO] b [CHnO] b' [P?-] 

dt -k[Ca(oH)zl I f b [ C H z O ]  1 + b ' ( P r J  
- 

A t  h igher  CH20 and c o - c a t a l y s t s  concent ra t ions  equat ion (3) becomes 

--d[CH20] I dt = k [Ca (OH) 4. 

Equation ( 3 )  was a l s o  experimental ly  observed i n  the  simultaneous b u t  in -  

dependent s t u d i e s  o f  Weiss, La P i e r r e  and Shapi ra  [4] .  The corresponding con- 

vers ion  shows t h a t  t h e i r  cons tan t  k = 3.5 min-l a t  60' i s  approximately one h a l f  

our value.  These au thors  a l s o  analyzed t h e  k i n e t i c s  o f  t h e  Cannizzaro r e a c t i o n  

t h a t  proceeds i n  t h e  presence of  Ca(OH)2 according t o  t h e  equat ion  

4 ~ ~ ~ 0  + C a  (OH)% 2 (HCOO).. Ca  -l- XH30H. 

I t s  k i n e t i c s  corresponds t o  t h e  equat ion 

-d[CH20] / d l  = k,[Ca(OH)2] [ C H a O ] ,  

which d i f f e r s  from equat ion  (3) o f  sugar  s y n t h e s i s .  The apparent  dev ia t ions  

of dependents (3)  from l i n e a r i t y  a t  low Ca(OH)2 concent ra t ions  were a t t r i b u t e d  

t o  t h e  consumption o f  Ca(OH)2 by t h e  Cannizzaro r e a c t i o n .  In  t h i s  case Ca(OH)2 

is  consumed i n  t h e  formation o f  sa l t .  

i s  l e s s  than  0.02 mole p e r  l i t r e  the  condensation o f  formaldehyde, according t o  
publ ished d a t a  [4] and according t o  our  d a t a ,  does n o t  take  p l ace  a t  a l l .  

When t h e  i n i t i a l  concent ra t ion  o f  Ca(OH)2 
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f 644 - We conducted comparative tests on t h e  condensation k i n e t i c s  o f  formalde- 

hyde: 1) i n  t h e  presence of a c e r t a i n  quan t i ty  of  Ca(0H) (1-2 gram p e r  100 

m i l l i l i t e r  of 4% CH 0 s o l u t i o n )  and 2) af ter  f i l t r a t i o n  of t h e  s o l i d  p r e c i p i t a t e s  2 
formed by adding Ca(OH)* t o  t h e  mixture .  

coincided i n  both cases, and t h e  pe rcen t  o f  conversion of formaldehvde t o  sugar  

was h ighe r  i n  t h e  second case, i n d i c a t i n g  the  decomposition of  suga r  i n  t h e  pre-  

sence o f  a l k a l i .  

2 

The k i n e t i c  curves o f  CH 0 consumption 2 

These tests i n d i c a t e  t h a t  t h e  condensation o f  formaldehyde i n t o  sugars  i s  

a homogeneous r e a c t i o n .  
Ca(OH)2 i s  cons iderably  h ighe r  i n  t h e  presence o f  formaldehyde and sugars .  

Only when t h e  concent ra t ion  o f  CH20 i n  t h e  s o l u t i o n  i s  h ighe r  than 10% does the  

s o l u b i l i t y  o f  Ca(OH)2 dec rease ;  t h i s  i s  apparent ly  t h e  r e s u l t  of t h e  reduct ion  

of  t h e  r e a c t i o n  rate a t  CH 0 concent ra t ions  h ighe r  than  lo%,  a f a c t  t h a t  we 

noted e a r l i e r  [ 2 ] .  

Spec ia l  tests a l s o  demonstrated t h a t  t h e  s o l u b i l i t y  of 

2 

On the  b a s i s  of  t hese  tests, obviously,  equat ion ( Z ) ,  which resembles the  

equat ion o f  heterogeneous c a t a l y s t  r e a c t i o n s ,  can be expla ined  by c h e l a t i o n  of  

t h e  Ca ion  with t h e  formaldehyde and r e a c t i o n  products--monosaccharide, and by 

t h e  condensation r e a c t i o n  i n  the  coord ina t ion  sphere.  The cons tan ts  b and b ' ,  
a n a l o g i s t  t o  t h e  absorp t ion  c o e f f i c i e n t s  are i n  t h i s  case t h e  c h e l a t i o n  e q u i l i b -  

rium cons tan t s .  Considering t h e  data i n  [ 5 ]  on t h e  n u c l e a r  magnetic res inous  

s p e c t r a  of t h e  complexes of  d i f f e r e n t  metal ions  with sugars  and ou r  d a t a  on t h e  

u l t r a v i o l e t  s p e c t r a  of complexes, we propose t h e  formation of comparatively un- 

s t a b l e  complexes, i n  which t h e  hydrogen atom i n  t h e  OH-group o f  monosaccharide 

i s  no t  s u b s t i t u t e d  for  t h e  metal. 

2 The ra te  cons tan t  of condensat ion o f  formaldehyde i n  t h e  presence of  Ca(0H) 

without  a c o - c a t a l y s t ,  or more accu ra t e ly  t h e  product  o f  t he  cons tan ts  kb' [Z] 
can s u b s t a n t i a l l y  exceed - t h e  value of kb'  a f t e r  t h e  add i t ion  o f  co-ca ta lys t s - -  
carbohydrates [3], t o  t h e  mixture .  Only t h e  add i t ion  of  t r iose-g lycer ina ldehyde  

makes t h e  va lue  of kb' c l o s e  t o  kb' without  a c o - c a t a l y s t .  

concluded t h a t  t h e  r e a c t i o n  o f  CH20 proceeds through t h e  in te rmedia te  formation 

o f  t r i o s e  and t h a t  t h e  t r i o s e  then forms a complex with the  Ca ion ,  lead ing  t o  

f u r t h e r  condensation. 

a tography,  

Hence it can be  

Actua l ly ,  we de tec t ed  t r i o s e  wi th  the  a i d  of paper chrom- 
Complexes wi th  pentose  and hexose are less a c t i v e .  1-t has  been 
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suggested [4] t h a t  t h e i r  a c c e l l e r a t i n g  a c t i o n  i s  caused by p a r t i a l  equi l ibr ium 

decomposition t o  lower carbohydra tes - - t r iose  and glycolaldehyde. 

In  c o n t r a s t  t o  formaldehyde condensation, t h e  Cannizzaro r e a c t i o n  proceeds 

by t h e  mechanism o f  a l k a l i n e  c a t a l y s t s  and the  in te rmedia te  complex conta ins  not  

metal ions  b u t  t h e  OH-ion [4 ] .  

In  a d d i t i o n  t o  t h e  compounds of  a lka l i  e a r t h  metals, t he  compounds of 

tha l l ium [6] and l ead  [7]  are also c a t a l y t i c a l l y  a c t i v e  i n  t h e  s y n t h e s i s  o f  car- 
bohydrates from formaldehyde. These ions ,  according t o  publ ished d a t a  [SI, 
form complexes with sugars ,  similar with r e spec t  t o  p r o p e r t i e s  t o  complexes of 

a l k a l i  e a r t h  metals. 
should a l s o  be  looked f o r  among metal compounds, t h e  c h e l a t i n g  p r o p e r t i e s  of 

New c a t a l y s t s  f o r  t h e  s y n t h e s i s  of carbohydrates  obviously 

whose ions are c lose  t o  t h e  p r o p e r t i e s  of  t h e  above mentioned metals. 

Excluding t h e  a lka l i  metals whose hydroxides i n  aqueous s o l u t i o n s  convert  

formaldehyde according t o  t h e  Cannizzaro r e a c t i o n ,  then  with r e spec t  t o  ion  

r ad ius  t h e  r a r e  e a r t h  elements are c l o s e s t  t o  t h e  above s t a t e d  i o n s .  

t o  Paul ing [ $ I ,  t h e  ion  r ad ius  o f  t h e  l a t te r  v a r i e d  from 0.99 t o  1.18 Angstroms. 

For c h e l a t e  complexes, which can be  formed under t h e  condi t ions  o f  carbohydrate 

syn thes i s ,  t h e  presence o f  a s u f f i c i e n t l y  l a r g e  ion  makes it p o s s i b l e  t o  acco- 

modate a l a r g e  number o f  l i gands .  I t  i s  known [ 9 ]  t h a t  t h e  lan thanide  complexes 

a r e  cha rac t e r i zed  by coord ina t ion  numbers 9 and 10. 

According 
0 

Our tes ts  show t h a t  hydroxides o f  t h e  rare e a r t h  metals, a l though i n f e r i o r  

t o  the  hydroxides o f  calcium, s t ront ium,  berium, lead  and tha l l i um with r e s p e c t  
t o  c a t a l y t i c  a c t i v i t y ,  - _ -  are neve r the l e s s  s u p e r i o r  t o  a l l  o t h e r  elements which we 

t e s t e d .  

- /645 - -  

A t  80-110" they  converted formaldehyde t o  sugars  at a s a t i s f a c t o r y  ra te .  

Glucose, f ruc tose ,  rhamnose and r i b o s e  were i d e n t i f i e d  i n  t h e  r e a c t i o n  products  

by paper  chromatography. 

i n  an au toc lave ,  100 mil l i le ter  of  4% o f  CH20 s o l u t i o n  and 2 grams o f  c a t a l y s t )  

t h e  process  proceeded t o  100% consumption of formaldehyde i n  5-6 hours .  
n e t i c s  o f  conversion of CH 0 corresponded t o  t h e  k i n e t i c s  of condensation of CH 0 

t o  Ca(OH)2 and Sr (OH)2  [2 ] ,  i . e .  au to  c a t a l y t i c  (Figure 1,l).  
per iod  l a s t e d  3 t o  4 hours .  

of prev ious ly  t e s t e d  c a t a l y s t s ,  shortened o r  completePy e l imina ted  t h e  

induct ion  per iod .  

4 

Under t h e  s tandard  test condi t ions  used by us ,  (110" 

The k i -  

2 2 
The induct ion  

The use  of co-ca ta lys t s - -g lucose ,  as i n  the  case 



In  terms o f  c a t a l y t i c  a c t i v i t y  ( r a t e  cons tan t  o f  CH 0 condensation) t h e  2 
hydroxides o f  La, Tb, Ho, Tu, Gd, Dy, E r ,  Sm-which we t e s t e d ,  and a l s o  Y(OH)3 

d i f f e r  by no more than  20-30%. 3 Eu(0H) was somewhat less a c t i v e .  

The i n v e s t i g a t e d  hydroxides are cha rac t e r i zed  by t h e  fact  t h a t  t h e  r e a c t i o n  

proceeds i n  a c i d i c  s o l u t i o n s .  A t  80" t h e  pH of  t h e  s o l u t i o n  dropped from 6 .3  

t o  6.0 during t h e  r e a c t i o n  t ime,  and a t  l l O o ,  from 1 . 3  t o  4.8. These f i g u r e s  

show t h a t  t h e  conversion o f  formaldehyde by t h e  Cannizzaro r e a c t i o n  i s  n e g l i g i b l e  

i n  t h e  presence o f  lan thanoid  hydroxides and t h a t ,  consequently,  t h e  s e l e c t i v i t y  

o f  t h e  process  of  manosaccharide s y n t h e s i s  from CH20 is  considerably g r e a t e r  

than i n  t h e  presence of Ca(OH)2. 

i n  an acidic medium. 
The ions  coord ina te  l a r g e  numbers o f  molecules 

The hydroxides o f  &her t r i v a l e n t  ions  which we tested, t h e  radii .  which 
Ft 

were less than 1 .0  Angstrom: 
investigated temperature range C25-l.lo") were c a t a l y t i c a l l y  inact ive.  

SC(OM)~ ,  A1(OH)3 ,  B(QH)g8 In[QH)g, G a ( O H ) 3  i n  t h ~ !  

The Hydroxides o f  t h e  tetravalent ions w i t h  about the  5ame r a d i i  (Ce(OM>4 
and 'RI(OH)~) ca ta lyzed  t h e  conversion of formaldehyde a t  80-llO', a l though much 

of  it reac t ed  according t o  t h e  Cmnizzaro  r e a c t i o n .  Thus a t  110' with t h e  same 

concent ra t ions  o f  reagents  i n  t h e  presence of  Ce (OH) formaldehyde disappeared 

a f t e r  9 hours ,  and t h e  pH dropped from 5.5 t o  2 . 5 ;  i n  t h e  presence of Th(OH)4 

the  r e a c t i o n  took 7 hours and t h e  pH dropped from 4.6 t o  2 . 8 ,  

proceeded without  an induct ion  pe r iod  (Figure 1 and 2) Paper chromatography 

ind ica t ed  t h e  presence o f  t r i o s e ,  b u t  no t  of  hexose i n  t h e  r e a c t i o n  product .  

4 '  

The r e a c t i o n  

Thus t h e  i n v e s t i g a t i o n  descr ibed  he re  v e r i f i e d  t h e  hypothesis  t h a t  t h e  

r ad ius  of  t h e  ion  i s  of dec id ing  importance wi th  r e spec t  t o  i t s  c a t a l y t i c  

a c t i v i t y  i n  t h e  condensation of  formaldehyde t o  monosaccharides. 

w c 

I 

Figure 1: Kine t i c  Curves of  Consumption 
of Formaldehyde a t  llO°C i n  t h e  Presence 
of  C a t a l y s t s :  1. Sm(OH)3; 2 .  Ce(OH)4 
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